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Hepatic fibrosis is a common outcome of a variety of
chronic liver diseases. Here we evaluated the thera-
peutic efficacy of hepatocyte growth factor (HGF) on
liver fibrosis induced by bile duct ligation (BDL) and
investigated potential mechanisms. Mice underwent
BDL, followed by intravenous injections of naked
HGF expression plasmid or control vector. HGF gene
therapy markedly ameliorated hepatic fibrotic le-
sions, as demonstrated by reduced a-smooth muscle
actin (aSMA) expression, attenuated deposition of
type I and type III collagen, and normalized total
hydroxyproline content. HGF also suppressed trans-
forming growth factor-1 (TGF-1) expression. Inter-
estingly, colocalization of aSMA and cytokeratin-19 in
bile duct epithelium was observed, suggesting the
possibility of biliary epithelial to myofibroblast tran-
sition after BDL. Cells that were still positive for cyto-
keratin-19 but actively producing type I collagen were
found in the biliary epithelia and periductal region.
Laminin staining revealed an impaired basement
membrane of the bile duct epithelium in diseased
liver. These lesions were largely prevented by HGF
administration. In vitro, treatment of human biliary
epithelial cells with TGF-B1 induced aSMA and fi-
bronectin expression and suppressed cytokeratin-19.
HGF abolished the phenotypic conversion of biliary
epithelial cells induced by TGF-£1. These results sug-
gest that HGF ameliorates hepatic biliary fibrosis in
part by blocking bile duct epithelial to mesenchymal
transition. (Am J Pathol 2006, 168:1500-1512; DOI:
10.2353/ajpath.2006.050747)

Liver fibrosis/cirrhosis is a common end-result of a wide
variety of chronic hepatic diseases following diverse
types of injurious insult, such as viral infection and alco-
holic, drug, or chemical toxicity. It is often associated with
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severe morbidity and significant mortality, eventually re-
sulting in the necessity of liver transplantation.’ The
pathogenesis of liver cirrhosis is characterized by the
excess production and deposition of extracellular matrix
components that lead to tissue scarring and the destruc-
tion of normal hepatic parenchyma.?® Several lines of
evidence indicate that a-smooth muscle actin (aSMA)-
positive myofibroblasts are the principal effector cells
that are primarily responsible for the overproduction of
matrix components in fibrotic liver.? Therefore, delinea-
tion of the originality and mechanism of activation of the
matrix-producing myofibroblast cells may be indispens-
able for designing rational therapeutic strategies for ef-
fective treatment of liver cirrhosis.

In an effort to define the origin and regulation of myo-
fibroblast activation in hepatic fibrosis, we have sought to
investigate the pathogenesis of liver fibrosis in experi-
mental animals induced by bile duct ligation (BDL). He-
patic fibrosis induced by BDL is unique in that the pri-
mary pathological lesions occur surrounding the bile duct
epithelium. The maneuver of BDL introduces biome-
chanical stress to biliary epithelium and initially triggers
the compensatory proliferation and expansion of biliary
epithelial cells (BECs).*® Following this epithelial mito-
genic phase, chronic obstruction of bile duct causes
massive activation of myofibroblasts in the periductal
region and ultimately results in biliary fibrosis/cirrhosis.
There is little doubt that myofibroblast activation is one of
the key steps that initiate fibrotic lesions in this model.
However, the exact origin of these periductal myofibro-
blasts remains largely unknown, although it is often pre-
sumed that they are from local activation of residential
fibroblasts or hepatic stellate cells.
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Recent studies from other organs have suggested that
matrix-producing myofibroblasts may also come from ep-
ithelial cells through a phenotypic conversion known as
epithelial to mesenchymal transition (EMT).®” For in-
stance, in the obstructive nephropathy induced by uni-
lateral ureteral obstruction, kidney tubular epithelial cells
can undergo phenotypic transition via EMT to give rise to
matrix-producing myofibroblasts.®° Furthermore, block-
ade of this transition by hepatocyte growth factor (HGF)
prevents renal interstitial fibrosis.’® These findings high-
light that mature epithelial cells in adult animals may
possess an incredible plasticity, with the ability to trans-
form into myofibroblasts in response to chronic injury.
Such epithelial cell plasticity is also observable in the
liver.'"12 Numerous studies have shown that, under cer-
tain conditions, BECs may give rise to hepatic oval cells,
which in turn may become mature hepatocytes.'>~'¢ Vice
versa, in the conditions of the organoid cultures or in vivo,
hepatocytes can undergo phenotypic transition into
BECs."”'® Thus BECs and hepatocytes appear to be
reciprocally exchangeable. Along this line, we hypothe-
sized that, in pathological circumstances, BECs may
transform into aSMA-positive, matrix-producing myofi-
broblasts as well.

HGF, a multifunctional protein that was originally char-
acterized as a potent mitogen for mature hepatocytes,'®
has emerged as a potent anti-fibrotic cytokine that pre-
vents tissue fibrosis in various organs, including the
liver.2°=2% |t has been shown that HGF specifically pre-
serves renal tubular epithelial cell phenotype by inhibiting
epithelial to myofibroblast transition both in vitro and in
vivo.'© Therefore, in this study, we evaluated the thera-
peutic potential of HGF in blocking hepatic fibrosis in-
duced by DBL and explored the possibility of the biliary
epithelial to myofibroblast transition in vivo and in vitro.

Materials and Methods

Cell Culture and Treatment

Human intrahepatic biliary epithelial cells (HIBEpiCs) and
epithelial cell medium were purchased from ScienCell
Research Laboratories (San Diego, CA). HIBEpiCs were
nonimmortalized cells isolated from human liver tissue,
and the purity of these cells was almost 100% based on
their positive staining for cytokeratin-19. The HIBEpiCs
were seeded on six-well culture plates to approximately
60% to 70% confluence in complete medium containing
2% fetal bovine serum for 16 hours and then changed to
serum-free medium after washing twice with medium.
Recombinant human transforming growth factor
(TGF)-B1 (R & D Systems, Minneapolis, MN) was added
to the culture at a final concentration of 2 ng/ml. Recom-
binant human HGF (R & D Systems) was also added at
the same time at the concentration of 40 ng/ml, except
when otherwise indicated. The cells were typically incu-
bated for 72 hours after addition of cytokines, except
when noted otherwise, before harvesting and subjecting
to Western blot and immunofluorescence staining as de-
scribed below.
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Animals

Male CD-1 mice that weighed approximately between 18
and 21 g were obtained from Harlan Sprague-Dawley
(Indianapolis, IN). They were housed in the animal facil-
ities of the University of Pittsburgh Medical Center with
free access to food and water. Mice were randomly as-
signed to three groups: 1) sham control; 2) BDL followed
by injection with empty vector pcDNAS; or 3) BDL fol-
lowed by injection with HGF expression plasmid. BDL
was performed as described elsewhere.* Briefly, under
methoxyflurane anesthesia, the common bile duct was
double-ligated using 4-0 silk after a midline abdominal
incision. Sham-operated mice had their common bile
duct exposed and manipulated but not ligated. Starting
on the day of surgery, mice were administered human
HGF cDNA plasmid under the control of cytomegalovirus
(CMV) promoter (pCMV-HGF) through tail-vein injections
at a concentration of 1 mg/kg body weight every other
week (biweekly), as described previously.?*25 Control
mice received biweekly injections of the same volume of
empty vector (pcDNAS). Animals were sacrificed at 4 and
12 weeks after BDL (n = 4-6). At the time of sacrifice,
liver tissues were collected for histology and immunohis-
tochemical studies, as well as for mRNA and protein
analyses.

Biochemical Measurement of Hepatic
Hydroxyproline Content

Total hepatic hydroxyproline level at different time points
after BDL was determined in the hydrolysates of liver
samples.?® Briefly, precisely weighed liver tissue sam-
ples (380 to 40 mg) were homogenized in distilled H,O.
The homogenates were hydrolyzed in 10 N HCI by incu-
bation at 110°C for 18 hours. The hydrolysates were dried
by speed vacuum centrifugation over 3 to 5 hours and
redissolved in a buffer containing 0.2 mol/L citric acid,
0.2 mol/L glacial acetic acid, 0.4 mol/L sodium acetate,
and 0.85 mol/L sodium hydroxide, pH 6.0. Hydroxypro-
line levels in the hydrolysates were biochemically
measured according to the procedures previously
described.?%:2”

Histology and Immunostaining

Liver sections from paraffin-embedded tissues were pre-
pared at 3-um thickness using a routine procedure. Sec-
tions were stained with hematoxylin/eosin for general his-
tology. Another set of sections was stained using the
Masson'’s trichrome staining method for identifying inter-
stitial collagen by blue color. A computer-aided morpho-
metric analysis was used for quantitatively determining
the area of fibrosis, as reported previously.?® Briefly, a
series of digital images was captured from the Masson’s
trichrome-stained sections. The areas of fibrosis were
measured by using morphometric analysis software
(MetaMorph; Universal Imaging Corp., Downingtown,
PA).2° The percentage of the fibrotic area per total liver
area was calculated based on each individual animal.
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Immunofluorescence and immunohistochemical stain-
ing were performed on liver tissue cryosections and
paraffin-embedded sections, respectively. All immuno-
stainings were performed by using the Vector M.O.M.
Immunodetection kit according to the procedures spec-
ified by the manufacturer (Vector Laboratories, Burlin-
game, CA). The primary antibodies used for staining
were as follows: goat polyclonal antibodies against type |
and type Ill collagen (Southern Biotechnology Associ-
ates, Birmingham, AL) (dilution 1:50); anti-TGF-B1 (sc-
146), anti-TGF-B type | receptor (sc-398), and anti-heat
shock protein 47 (Santa Cruz Biotechnology Inc., Santa
Cruz, CA) (dilution 1:100); mouse monoclonal anti-aSMA
antibody (clone 1A4, dilution 1:50) and monoclonal anti-
bodies for cytokeratin-19 (DakoCytomation, Carpentaria,
CA, dilution 1:20); monoclonal anti-fibronectin (clone 10,
dilution 1:1000; BD Transduction Laboratories, San Di-
ego, CA); and anti-laminin (Chemicon Inc., Temecula,
CA, dilution 1:100). Double immunofluorescence staining
was performed on paraffin-embedded sections (3 um) or
cryosections (4 wm) by using different combinations of
antibodies. For instance, for double staining for cytoker-
atin-19 and aSMA, liver sections were first incubated with
monoclonal anti-cytokeratin-19 for 1 hour at room tem-
perature. Biotin-conjugated anti-mouse IgG1 (A85-1; BD
Pharmingen, San Diego, CA) was then added, and the
mixture was incubated for 30 minutes. The staining re-
action was developed with cyanine Cy3-conjugated
streptavidin (Jackson ImmunoResearch Laboratories,
West Grove, PA) for 30 minutes. The sections were then
incubated with anti-aSMA (isotype 1gG2a; Dako, Carpen-
taria, CA) for 1 hour, followed by incubation with fluores-
cein isothiocyanate anti-mouse IgG2a (R19-15, BD
Pharmingen, dilution 1:100) for 30 minutes. As a negative
control, the primary antibody was replaced with nonim-
mune 1gG, and no staining occurred.

Immunofluorescence staining of HIBEpiCs was per-
formed using an established procedure. Briefly, control
or cytokine-treated HIBEpiCs cultured on coverslips were
fixed with cold methanol:acetone (1:1) for 10 minutes on
ice and blocked with 20% normal donkey serum in phos-
phate-buffered saline buffer for 30 minutes at room tem-
perature and then incubated with the specific primary
antibodies described above. To visualize the primary
antibodies, cells were stained with fluorescein isothiocya-
nate- or cyanine Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories, Inc.). Cells
were counterstained with 4’,6-diamidino-2-phenylindole,
HCI to visualize the nuclei. Stained cells were viewed
under a Nikon Eclipse E600 Epi-fluorescence micro-
scope equipped with a digital camera (Melville, NY).

Western Blot Analysis

Liver samples were homogenized by using a Polytron
homogenizer in radioimmune precipitation assay lysis
buffer (1% Nonidet P-40, 0.1% sodium dodecy! sulfate
(SDS), 100 ng/ml phenylmethylsulfonyl fluoride, 0.5% so-
dium deoxycholate, 1 mmol/L sodium orthovanadate, 2
pg/ml aprotinin, 2 ug/ml antipain, and 2 pg/ml leupeptin

in phosphate-buffered saline) on ice. The supernatants
were collected after centrifugation at 13,000 X g at 4°C
for 20 minutes. Protein concentration was determined
using a bicinchoninic acid protein assay kit (Sigma), and
whole tissue lysates were mixed with an equal amount 2X
SDS loading buffer (125 mmol/L Tris-HCI, 4% SDS, 20%
glycerol, 100 mmol/L dithiothreitol, and 0.2% bromphenol
blue), as described previously.'®?* HIBEpiCs and cyto-
kine-treated cells were lysed with SDS sample buffer.
Samples were heated at 100°C for 5 to 10 minutes before
loading and were separated on 10% SDS-polyacrylamide
gels. The proteins were electrotransferred to a nitrocellu-
lose membrane (Amersham Biosciences, Piscataway,
NJ) in transfer buffer containing 48 mmol/L Tris-HCI, 39
mmol/L glycine, 0.037% SDS, and 20% methanol at 4°C
for 1 hour. Nonspecific binding to the membrane was
blocked for 1 hour at room temperature with 5% nonfat
milk in TBS buffer (20 mmol/L Tris-HCI, 150 mmol/L NaCl,
and 0.1% Tween 20). The membranes were then incu-
bated for 16 hours at 4°C with various primary antibodies
in blocking buffer containing 5% milk at the dilutions
specified by the manufacturers, followed by incubation
with horseradish peroxidase-conjugated secondary anti-
body (Bio-Rad, Hercules, CA) for 1 hour in 5% nonfat milk
dissolved in Tris-buffered saline. Membranes were then
washed with Tris-buffered saline buffer, and the signals
were visualized using the enhanced chemiluminescence
system (ECL, Amersham Biosciences).

Determination of Tissue TGF-B1 Levels by
Reverse Transcription-Polymerase Chain
Reaction

Total RNA was isolated from liver samples by using Ul-
traspec RNA isolation kit according to the instructions
specified by the manufacturer (Biotecx Laboratories,
Houston, TX). The first strand cDNA was synthesized by
using a Reverse Transcription System (Promega, Madi-
son, WI) with random primers at 42°C for 30 minutes.
Polymerase chain reaction (PCR) was performed using a
standard PCR kit on 1-ul aliquots of cDNA and HotStar-
Taqg polymerase (Qiagen Inc., Valencia, CA) with specific
primer pairs for rat TGF-B1 and B-actin. The sequences
of the primers were as follows: TGF-B1, 5'-GCAACATGT-
GGAACTCTACCAGAA-3’' (sense) and 5-GACGTCAA-
AAGACAGCCACTCA-3' (antisense); B-actin, 5'-AGGC-
ATCCTCACCCTGAAGTA-3" (sense) and 5'-CACACG-
CAGCTCATTGTAGA-3" (antisense). The PCR protocol
consisted of 35 (for TGF-B1) or 30 (for actin) cycles at
94°C for 1 minute, 55°C for 1 minute, and 72°C for 1.5
minutes, followed by a final extension step at 72°C for 7
minutes. PCR products were size-fractionated on aga-
rose gels and detected by ethidium bromide staining.

Statistical Analyses

Animals were randomly assigned to control and treat-
ment groups. All data were expressed as mean = SEM,
For Western blot analysis, quantitation was performed by
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Figure 1. HGF gene therapy attenuates liver fibrosis induced by BDL. Masson’s trichrome staining of liver tissue sections from pcDNA3- (A and C) and
pCMV-HGF-treated (B and D) mice at 12 weeks after BDL. Extensive peribiliary (A) and interstitial collagen (C) staining was noticeable in liver sections of the
mice injected with pcDNA3. Significantly less hepatic collagen staining was observed in pCMV-HGF-treated mice (B and D).

scanning and determination of the intensities of the hy-
bridization signals. Statistical analyses of the data were
performed by Student’s t-test using SigmaStat software
(Jandel Scientific, San Rafael, CA). Values of P < 0.05
were considered significant.

Results

HGF Suppresses Hepatic Fibrosis Induced by
Bile Duct Ligation

To assess the potential effect of exogenous HGF on liver
fibrosis, mice were injected through the tail vein with
human HGF expression plasmid (pCMV-HGF) or control
vector pcDNA3 every other week after common BDL. Our
earlier studies have shown that substantial HGF trans-
gene expression was detected in the liver by using this
simple gene transfer approach.?* Figure 1 shows repre-
sentative micrographs of the Masson’s trichrome staining
of liver tissue sections at 12 weeks after BDL. In mice
treated with control pcDNA3 vector, extensive peribiliary
(Figure 1A) and interstitial (Figure 1C) collagen deposi-
tion was evident, as shown by positive Masson’s
trichrome staining. However, delivery of HGF gene
largely inhibited hepatic collagen accumulation after BDL
(Figure 1). Collagen staining was much weaker in the
enlarged periductal area (Figure 1B), and essentially no
collagen accumulation was found in liver interstitium after

HGF treatment (Figure 1D). A computer-aided morpho-
metric analysis revealed that the area of fibrosis in the
liver sections at 12 weeks after BDL was reduced by 74%
after pCMV-HGF administration, when compared with the
pcDNA3 controls.

To quantitatively evaluate the therapeutic efficacy of
HGF on hepatic fibrosis induced by BDL, we determined
the hydroxyproline content in the hydrolysates extracted
from liver tissue by using biochemical methods. This
assay is based on the observation that essentially all of
the hydroxyproline in animal tissues is exclusively found
in collagen.?” As shown in Figure 2A, the hydroxyproline
content was progressively increased in the liver extracts
at 4 and 12 weeks after BDL, suggesting increased he-
patic fibrosis. However, exogenous HGF substantially re-
duced the hydroxyproline levels in the liver tissue ex-
tracts at different time points, suggesting that HGF is
capable of protecting the liver from the development of
fibrotic lesions after BDL.

We further examined the accumulation and deposition
of the specific extracellular matrix components by immu-
nofluorescence staining. As demonstrated in Figure 2 (B
and D), liver sections at 12 weeks after BDL displayed
stronger staining for type | and type Il collagen, respec-
tively. Consistent with the hydroxyproline assay (Figure
2A), delivery of HGF gene largely blocked hepatic type |
and type lll collagen deposition in the peribiliary region
(Figure 2, C and E).
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Figure 2. HGF reduces hepatic hydroxyproline content and suppresses type
I and type III collagen deposition. A: Total tissue hydroxyproline content was
determined by biochemical assay. Data were expressed as micrograms of
hydroxyproline per milligram of tissue and presented as mean = SEM (1 =
4—6). *, P < 0.05 versus sham; **, P < 0.01 versus sham; f, P < 0.05 versus
pcDNA3 control. B-E: Representative micrographs showed the deposition of
type I (B and C) and type III (D and E) collagen in the portal tract region of
liver sections. B and D: pcDNA3; C and E: pCMV-HGF.

HGF Inhibits TGF-B1 Expression Induced by
BDL

Because TGF-B1 is a fibrogenic cytokine that is believed
to play a central role in regulating tissue fibrosis,*°2" we
next investigated the effect of exogenous HGF on hepatic
TGF-B1 expression after BDL. As presented in Figure 3A,
BDL induced a dramatic increase in hepatic TGF-B1
gene expression, as determined by reverse transcription-
PCR analyses. The steady-state levels of TGF-81 mRNA
in the liver at 12 weeks after BDL were increased by more
than 10-fold, compared to the sham controls (Figure 3B).
However, exogenous HGF markedly suppressed hepatic
TGF-B1 mRNA abundance. Figure 3B shows the quanti-
tative determination of the relative TGF-81 mRNA abun-
dance in different groups. We also examined TGF-B1
protein expression in the liver by using immunohisto-
chemical staining. As shown in Figure 3D, TGF-B1 was

predominantly localized in the biliary epithelium at 12
weeks after BDL. Strong staining for TGF-g1 was also
observed in the periductal region (Figure 3D). Consistent
with mRNA expression, TGF-B1 protein level was ex-
tremely low in normal liver (Figure 3C), and exogenous
HGF largely suppressed its induction after BDL (Figure
3E). These results are consistent with the notion that
biliary epithelial cells are the major source of hepatic
TGF-B1 after BDL.

The expression of TGF-B type | receptor (TBR-1) was
also examined in the liver at different time points after
BDL. As shown in Figure 3F, neither BDL nor exogenous
HGF significantly altered hepatic TBR-I expression at 4
weeks after BDL, as illustrated by Western blot. The TBR-I
level appeared to marginally increase at 12 weeks after
BDL, whereas HGF suppressed its expression toward the
baseline level (Figure 3G).

Immunohistochemical staining revealed that TBR-I pro-
tein was predominantly localized in the hepatic bile duct
epithelium in both sham and BDL mice. The slight in-
crease in hepatic TBR-I abundance after BDL (Figure 3G)
was likely a result of the increased number of biliary
epithelial cells, rather than increased expression per cell.
Weak staining for the TBR-I protein was also observed in
hepatocytes (Figure 3, H-J).

HGF Blocks Myofibroblast Activation in Vivo

Because aSMA-positive myofibroblasts are the effector
cells that are primarily responsible for the overproduction of
extracellular matrix at pathogenic conditions, we sought to
investigate the hepatic myofibroblast activation after BDL.
Figure 4 demonstrates the levels of hepatic aSMA protein,
the molecular hallmark of myofibroblasts, in sham and BDL
mice at different times. Compared with sham controls,
aSMA expression in the bile duct-ligated liver at 4 (Figure
4A) and 12 weeks (Figure 4B) was markedly increased,
suggesting activation of the hepatic myofibroblasts follow-
ing BDL-induced injury. However, the induction of aSMA in
the diseased liver was largely blocked by intravenous ad-
ministrations of the HGF gene (Figure 4).

We next examined hepatic myofibroblast activation
after BDL by using immunofluorescence staining. In
the portal triads of normal liver, hepatic arteriole, ad-
jacent to bile duct, was stained positively for aSMA
protein, whereas the bile duct and surrounding area
were completely aSMA-negative (Figure 4E). The stain-
ing for aSMA was dramatically increased in bile duct-
ligated liver. Surprisingly, in addition to the peribiliary
region in which aSMA-positive cells were observed,
strong «SMA staining was also found in enlarged
and/or proliferated biliary epithelia (Figure 4G). To con-
firm the epithelial origin of aSMA-positive cells, we
used double immunofluorescence staining for biliary
epithelial marker cytokeratin-19 (red) and aSMA
(green). Figure 4H demonstrates clear colocalization of
cytokeratin-19 and myofibroblast marker aSMA in bili-
ary epithelial cells at 12 weeks after BDL. Exogenous
HGF, however, prevented the coexpression of cytoker-
atin-19 and «SMA in biliary epithelium (Figure 4K).
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Figure 3. HGF inhibits hepatic TGF-B1 expression. A: Reverse transcription-PCR showed an inhibitory effect of HGF on hepatic TGF-B1 expression induced by
BDL. The mRNA levels of hepatic TGF-B1 was determined by reverse transcription-PCR at 12 weeks after BDL. The numbers 1 through 12 indicate each individual
animal. B: Graphic presentation of the relative abundance of TGF-B1 after normalization with actin in various groups as indicated. *, P < 0.01 versus sham control;
1, P < 0.05 versus pcDNA3 control. C-E: Representative micrographs showed the localization of TGF-B1 by immunohistochemical staining in sham control (C)
and BDL mice treated with either pcDNA3 (D) or pCMV-HGF (E). Strong staining for TGF-B1 was observed in bile duct epithelium, as well as in periductal
fibroblast cells in the liver at 12 weeks after BDL (D). F and G: Western blot analyses showed hepatic TGF-B1 type I receptor (TBR-I) abundance at 4 (F) and
12 weeks (G) after BDL. Liver homogenates were probed with antibodies against TBR-I and actin, respectively. H-J: Representative micrographs showed the
localization of TBR-I by immunohistochemical staining in sham control (H) and BDL mice treated with either pcDNA3 (I) or pCMV-HGF (J). There was strong
immunostaining for TAR-I in bile duct epithelium in all three groups. Weak staining for TBR-I was also noticeable in hepatocytes.

Similar results were obtained when liver sections were
immunohistochemically stained for aSMA (Figure 4,
L-N). The aSMA-positive cells were not only observed
in the peribiliary region as expected but also found in
the bile duct epithelium at 4 (Figure 4L) and 12 weeks
(Figure 4 mol/L) after BDL, respectively; HGF treatment
significantly reduced aSMA staining (Figure 4N).
These observations imply that BECs may undergo a
phenotypic transition into myofibroblasts under patho-

logical conditions and that HGF could protect the bili-
ary epithelia by blocking this phenotypic transition.

Evidence for Biliary Epithelial to Myofibroblast
Transition in Vivo

To seek further evidence that BECs can undergo pheno-
typic conversion into matrix-producing myofibroblasts,
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Figure 4. Colocalization of the bile duct epithelial marker cytokeratin-19 and myofibroblast marker aSMA. A and B: Exogenous HGF inhibited hepatic expression
of aSMA after BDL. Western blot analyses showed hepatic aSMA abundance at 4 (A) and 12 weeks (B) after BDL. Liver homogenates were probed with antibodies
against aSMA and actin, respectively. C-K: Double immunofluorescence staining showed the localization of cytokeratin-19 (red, left column) and aSMA (green,
center column) in the liver sections at 12 weeks after BDL. Merging of cytokeratin-19 and aSMA staining is presented in right column (E, H, and K). C-E, sham
control; F-H, BDL liver injected with pcDNA3; I-K, BDL liver injected with pCMV-HGF. Arrowheads denote bile duct epithelia. Arrows indicate aSMA-positive
hepatic arteriole. Colocalization of cytokeratin-19 and aSMA is clearly evident in the bile duct epithelium after ligation (H). L-N: Immunohistochemical staining

showed the localization of aSMA in bile duct epithelium at 4 and 12 weeks after BDL, respectively. L, 4 weeks after BDL; M, 12 weeks after BDL; N, liver injected
with pCMV-HGF, 4 weeks after BDL.

we examined the cells that undertook active production chaperone for type | collagen in cells actively engaged in
of interstitial collagen in the diseased liver at 12 weeks collagen synthesis,®®? was used as a surrogate marker
after BDL. Heat-shock protein (hsp) 47, a molecular for the identification of the cells with active intracellular
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Figure 5. Double immunostaining shows a transition of the bile duct epithelial cells to matrix-producing interstitial cells. Liver sections were prepared from the
mice receiving pcDNA3 (A—F) or pCMV-HGF (G-D) injections at 12 weeks after BDL, and stained using antibodies against cytokeratin-19 (red, left column) and
hsp47 (brown, middle column). Merging of cytokeratin-19 and hsp47 staining is presented in right column (C, F, and I). Arrowheads denote a cluster of cells
that retained bile duct epithelial cell appearance, but lost cytokeratin-19, and were hsp47-positive. Arrows indicate cytokeratin-19-positive cells that localized in
interstitial compartment, with strong staining for hsp47. Boxed area (F) showed a cluster of bile duct epithelial cells that they were all positive for hsp47 staining,

but only some of them were still positive for cytokeratin-19.

collagen production. As shown in Figure 5, immunohis-
tochemical staining identified the hsp47-positive cells in
hepatic peribiliary region after BDL, presumably being
myofibroblasts. Intriguingly, BECs also stained strongly
for hsp47 (Figure 5, B and E), suggesting that these cells
actively synthesize interstitial type | collagen. The identity
of BECs was confirmed by double staining with cytoker-
atin-19 (red) and hsp47 (brown). Of particular interest,
clusters of cells with degenerated epithelial appearance
and strong staining for hsp47 were found in the peribiliary
region (Figure 5B, arrowhead), and these cells com-
pletely lacked the biliary epithelial marker cytokeratin-19
(Figure 5, A and C). In some areas, a fraction of the cell
population still retained cytokeratin-19 in clusters of epi-
thelial cells with strong staining for hsp47, whereas other
cells within the same cluster had already lost the epithe-
lial marker (Figure 5, D-F). Of note, biliary epithelium-
originated cells with positively staining for cytokeratin-19
were frequently seen in the peribiliary region in a scat-
tered fashion. These isolated BECs actively produced
interstitial type | collagen as shown by hsp47 staining and
displayed assorted shapes and morphological appear-
ances ranging from epithelium-like to spindle-shaped fi-
broblasts (Figure 5, A-F, arrows). Hence, these observa-
tions indicate that BECs contribute to interstitial matrix
production and are capable of migrating into the periduc-

tal region and undergoing phenotypic transition via EMT
into myofibroblasts. Consistent with amelioration of he-
patic fibrosis (Figure 2), treatment with exogenous HGF
largely prevented biliary epithelial to myofibroblast tran-
sition (Figure 5, G-I).

To determine whether BECs produce type | collagen
after chronic injury, as indicated by hsp47 staining, we
performed double immunostaining for type | collagen and
cytokeratin-19 in liver sections at 12 weeks after BDL. As
demonstrated in Figure 6, strong staining for type | col-
lagen was observed in the bile duct epithelium. Double
staining with cytokeratin-19 confirmed that BECs pro-
duced large amounts of type | collagen (Figure 6D). In
the periductal region, scattered BEC clusters also dis-
played positive type | collagen staining (Figure 6A, ar-
rowhead). Consistently, exogenous HGF suppressed
BECs to produce type | collagen. No or little type | col-
lagen staining was found in the bile duct epithelium after
HGF administration (Figure 6, E-H). Hence, these results
essentially recapitulate the hsp47 staining (Figure 5) and
indicate that BECs and their derivatives are active pro-
ducers of interstitial type | collagen after chronic injury.

BECs are normally surrounded and physically con-
fined by an underlying basement membrane (BM), a
structure primarily composed of laminin and type IV col-
lagen. To understand how the BECs migrate into the
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Figure 6. Double immunostaining shows the expression of type I collagen in bile duct epithelial cells after BDL. Liver sections were prepared from the mice
receiving pcDNA3 (A-D) or pCMV-HGF (E-H) injections at 12 weeks after BDL and stained using antibodies against type I collagen (A and E) and cytokeratin-19
(B and F). Nuclear staining with 4',6-diamidino-2-phenylindole, HCl was shown (C and G). Merging of the images was presented (D and H). Arrowheads denote
the bile duct epithelial cells that stained positively for type I collagen. Arrows indicate the bile duct epithelial cells that were negative for type I collagen in mice
receiving pCMV-HGF injections.
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Figure 7. Double immunostaining demonstrates the impairment of the bile duct basement membrane and the migration of cytokeratin-19-positive cells after BDL.
Liver sections were prepared from sham control (A—C), BDL mice injected with pcDNA3 (D-F) or pCMV-HGF (G-I) and stained using antibodies against
cytokeratin-19 (red, left column) and laminin (green, middle column). Merging of cytokeratin-19 and laminin staining is presented in right column (C, F, and D).
The integrity of bile duct basement membrane, as shown by laminin staining (arrowheads), was clearly impaired after ligation. The cytokeratin-19-positive
epithelial cells could easily migrate into interstitial compartment through broken basement membrane (arrowheads in E and F).



periductal region by escaping the confinement of the
epithelial BM, we next examined the integrity of BM by
immunostaining for its major component laminin. As
shown in Figure 7, both the bile duct and its adjacent
portal vein are surrounded by laminin-positive BM. How-
ever, the integrity of BM was severely impaired in the
diseased liver at 12 weeks after BDL (Figure 7E). BM was
clearly broken and often contained big gaps that allowed
the BECs to easily escape. Double staining for laminin
(green) and cytokeratin-19 (red) demonstrated that the
cytokeratin-19-positive BECs could readily move into the
periductal region through the broken BM (Figure 7F).
However, delivery of exogenous HGF gene largely pre-
served the BM integrity of the bile duct epithelium
(Figure 71).

HGF Blocks TGF-B1-mediated Biliary Epithelial
to Myofibroblast Transition in Vitro

To provide direct evidence for biliary epithelial to myofi-
broblast transition, human intrahepatic BECs were used
as a model system to investigate the phenotypic conver-
sion of the BECs in vitro. We found that when human
BECs were incubated with TGF-B1, a well characterized
fibrogenic cytokine whose expression is markedly in-
duced in bile duct epithelium after BDL (Figure 3), de
novo expression of the myofibroblast marker «aSMA was
observable in a time-dependent fashion (Figure 8A), sug-
gesting that TGF-B1 is able to induce BECs to undergo
phenotypic conversion. These cells following TGF-B1
treatment also started to produce interstitial matrix com-
ponent fibronectin (Figure 8A). Meanwhile, the expres-
sion of biliary epithelial marker cytokeratin-19 was pro-
gressively suppressed after the TGF-B1 treatment (Figure
8, A and B). Therefore, cultured BECs after TGF-B1 treat-
ment may undergo a series of phenotypic changes, in-
cluding lose of an epithelial marker, gain of the myofibro-
blast marker «SMA, and production of large amounts of
interstitial matrix, consistent with the notion of epithelial to
myofibroblast transition.

Figure 9 demonstrates that HGF could block TGF-B1-
mediated biliary EMT in vitro. Simultaneous incubation of
the BECs with HGF significantly abrogated the «SMA and
fibronectin expression induced by TGF-B1. Furthermore,
HGF completely restored the cytokeratin-19 expression
that was suppressed by TGF-B1in BECs (Figure 9A). The
inhibitory effect elicited by HGF on biliary EMT was dose-
dependent (Figure 9B). At a concentration of 40 ng/ml,
HGF largely abolished «SMA and fibronectin expression
induced by 2 ng/ml of TGF-B1. Similar results were ob-
tained by using indirect immunofluorescence staining
(Figure 9). We also determined the cell numbers with
positive staining for «SMA or cytokeratin-19 after different
treatments, respectively. In the control group, there were
62% of the BECs stained positively for cytokeratin-19
(Figure 9K), but all cells were negative for «SMA (Figure
9C). After TGF-B1 treatment for 3 days, 79% of the cell
population exhibited aSMA-positive staining (Figure 9D),
whereas the number of cytokeratin-19-positive cells was
reduced to <1% (Figure 9L). Treatment with HGF alone
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Figure 8. TGF-B1 induces bile duct EMT. HIBEpiCs were incubated with 2
ng/ml of TGF-B1 in serum-free medium for various periods of time as
indicated. Whole cell lysates were immunoblotted with antibodies against
aSMA, fibronectin, cytokeratin-19, and actin, respectively. A: Representative
Western blots. B: Graphic presentation of the relative abundance of aSMA
and cytokeratin 19 after normalization with actin.

(Figure 9, E, I, and M) or HGF plus TGF-B1 (Figure 9, F,
J, and N) displayed a staining pattern similar to the
controls. Hence, HGF is able to preserve the differenti-
ated phenotype of BECs by blocking TGF-B1-mediated
epithelial to myofibroblast transition in vitro.

Discussion

It has been long recognized that the activation of the
aSMA-positive, matrix-producing myofibroblasts is one of
the decisive events in tissue fibrogenesis after chronic
injury. Despite this, the origin of these cells in the fibrotic
tissues remained largely undefined. They are often pre-
sumed to be derived from hepatic stellate cells or/and
residential fibroblasts.>*72¢ In this study, we have shown
that, in the biliary fibrosis induced by BDL, periductal
myofibroblasts may also be generated from the bile duct
epithelium through epithelial to mesenchymal phenotypic
transition. This conclusion is supported by numerous ac-
counts of observation. First, BECs coexpress both the
epithelial marker cytokeratin-19 and the myofibroblast
marker aSMA after BDL, indicating the presence of a
transitional stage between two phenotypes. Second, sin-
gle cells or loosely organized small cell clusters still pos-
itive for cytokeratin-19 are scattered in the periductal
region. Vice versa, cell clusters with BEC morphology but
without cytokeratin-19 are clearly present. Third, BECs at
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Figure 9. HGF blocks TGF-B1-mediated bile duct EMT. A: HIBEpiCs were incubated without (control) or with 2 ng/ml TGF-B1, 40 ng/ml HGF, or both for 3 days.
Whole cell lysates were immunoblotted with antibodies against aSMA, fibronectin, cytokeratin-19, and actin, respectively. B: Western blot demonstrates that HGF
blocks TGF-B1-mediated bile duct EMT in a dose-dependent fashion. Cells were treated with a fixed dose of TGF-B1 (2 ng/ml) and an increasing amount of HGF
as indicated. C-N: Representative micrographs show the immunofluorescence staining for aSMA (C-F), fibronectin (G=J), and cytokeratin 19 (K-N) in bile duct
epithelial cells after various treatments. Control (C, G, and K); TGF-B1, (D, H, and L); HGF (E, I, and M); and TGF-B1 plus HGF (F, J, and N).

various transitional stages actively produce interstitial
type | collagen in the fibrotic environment. Fourth, phe-
notypic conversion of the bile duct epithelium can be
recapitulated in cultured human BECs in vitro following
incubation with fibrogenic TGF-g1. Finally, blockade of
biliary EMT by HGF prevents hepatic myofibroblast acti-
vation and biliary fibrosis. Collectively, these findings
raise the possibility that BECs have the capacity to un-
dergo phenotypic transition into «SMA-positive, matrix-
producing myofibroblasts under pathological conditions.
Such mesenchymal transition of BECs may represent a
potential avenue to generate myofibroblasts in response
to fibrogenic cues, thereby playing a role in the patho-
genesis of hepatic fibrosis/cirrhosis.

Phenotypic transition of epithelial cells into myofibro-
blasts in a fibrotic environment has been documented in
other organs.®® Ample studies have shown that kidney

tubular epithelial cells transform into matrix-producing
fibroblasts in a wide variety of chronic kidney diseases in
both experimental animals and patients.”3”-38 In unilat-
eral ureteral obstructed kidney, a large proportion of the
interstitial fibroblasts (approximately 36%) are actually
originated from tubular epithelium via EMT.® Likewise,
selective blockade of tubular EMT in tPA~/~ mice dra-
matically attenuates renal interstitial fibrosis.®® The ob-
structive nephropathy model induced by ureteral ligation
in many ways is quite similar to BDL in this study. Both
ureteral and bile duct ligations cause biomechanical
stress and injury to epithelium, which is followed by an
inflammatory response, compensatory epithelial cell pro-
liferation, up-regulation of fibrogenic cytokine TGF-B1 ex-
pression, and myofibroblast activation.*4° In this regard,
it is not surprising that the BECs are also capable of
undergoing phenotypic transition to give rise to the ma-



trix-producing myofibroblast cells after BDL. Hence, phe-
notypic conversion via EMT may be a common pathway
leading to myofibroblast activation in fibrotic tissues in
different parenchymal organs.

BDL is a unique experimental animal model of hepatic
fibrosis/cirrhosis. In humans, several clinical conditions
can lead to biliary fibrosis, including primary sclerosing
cholangitis and extrahepatic biliary atresia.* It remains to
be determined whether phenotypic transition via EMT
also plays a role in the pathogenesis of liver cirrhosis
caused by other etiologies, such as viral infection and
alcoholic and chemical toxicity. Myofibroblast activation
is also a predominant pathological finding in the fibrotic
liver induced by these injurious stimuli; however, they are
generally considered to be derived from the activation of
hepatic stellate cells.334"42 Whether other cell types,
such as hepatocytes via EMT, contribute to the myofibro-
blast pool in a diseased state is an intriguing question. In
view of the findings that hepatocytes and BECs are ex-
changeable, ' it is possible that hepatocytes may also
undergo phenotypic transition via EMT to become myo-
fibroblasts to participate in the development of hepatic
fibrosis. Indeed, in vitro studies have shown that cultured
neonatal rat hepatocytes are capable of undergoing EMT
at certain conditions.*>#* The process of hepatocyte
EMT involves the loss of their typical differentiation mark-
ers, the acquisition of a migrating morphology, and a
change in the expression of the intermediate filament
protein cytokeratin to vimentin.*3-4°

Although BECs can transform to myofibroblasts and
apparently migrate into the periductal region via the im-
paired basement membrane, it is conceivable that the
periductal myofibroblasts may originate from other
sources as well.3>3% We envision that hepatic stellate
cells, residential fibroblasts, BECs, and perhaps bone
marrow-derived cells, all contribute to the periductal
myofibroblast pool after BDL. In this regard, myofibro-
blasts may display tremendous heterogeneity in terms of
their originality. Such heterogeneity is also illustrated by a
recent observation that a-SMA expression and collagen
production are not always linked in the BDL model.*®
Along this line, it is likely that the anti-fibrotic effects of
HGF may be mediated by other mechanisms, including
blockade of the myofibroblast activation from hepatic
stellate cells, peribiliary fibroblasts, or/and bone marrow-
derived cells, besides inhibition of biliary EMT. At this
stage, it remains to be determined the relative contribu-
tions of the diverse sources to myofibroblast pool, as well
as their importance in biliary fibrogenesis. This issue
cannot be addressed in the present study, because the
epithelial cell markers such as cytokeratin-19 would
gradually diminish along the lines of the acquisition of
mesenchymal features. New techniques to specifically
tag BECs in vivo with cell markers that are expressed
independently of differentiated status are needed to de-
termine their destination. Nonetheless, in light of the ob-
servation that most BECs obtained aSMA, the hallmark of
myofibroblasts, in the biliary epithelium after BDL in vivo
(Figure 4) and in cultured BECs after TGF-B1 incubation
in vitro (Figure 9), it is reasonable to speculate that biliary
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EMT may play a significant role in generating myofibro-
blasts in the disease state.

What triggers BECs to undergo biliary EMT after BDL
remains to be determined in vivo. However, TGF-B1 ap-
pears to be a plausible candidate that may play a central
role in mediating biliary EMT. This notion is supported by
several pieces of evidence. First, the expression of
TGF-B1 is markedly induced in the liver after BDL. BECs
express abundant TGF-B1 and its receptors, suggesting
that they are the natural sources as well as the targets of
this potent fibrogenic cytokine. More importantly, incuba-
tion with TGF-B1 in vitro induced BECs to endure a phe-
notypic conversion. A crucial role of TGF-B1 signaling in
mediating biliary EMT is also consistent with the obser-
vations that implicate TGF-B/Smad signaling in the regu-
lation of EMT in other organs. A previous study has indi-
cated that ablation of Smad3 prevents renal tubular EMT
after ureteral obstruction in mice.*” Similarly, antagoniz-
ing Smad signaling with overexpression of Smad tran-
scriptional corepressor SnoN blocks TGF-B1-mediated
EMT in kidney tubular epithelium.*® Of note, HGF did not
completely inhibit TGF-B81 expression after BDL in vivo
(Figure 3), suggesting that alternative actions of HGF
may be at work. In harmony with this notion, HGF is found
to be able to directly block TGF-81 action in cultured
BECs (Figure 9). Such dual effects of HGF on TGF-B1
(both expression and action) would lead to substantial
suppression of the fibrogenic actions of TGF-B1 under
diseased conditions.

In summary, this study suggests that HGF acts as a
negative regulator of EMT that prevents BECs from un-
dergoing phenotypic transition in vivo and in vitro. Al-
though the antifibrotic effects of HGF have been recog-
nized, the present study unravels a novel mechanism by
which HGF elicits its beneficial action. In this regard, the
present study not only underscores that the blockade of
EMT is a novel strategy for prevention of fibrotic diseases
but also sets a foundation for the rational utilization of
HGF in combating hepatic fibrosis/cirrhosis.
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